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Abstract

Here, we introduce FRETpredict, a Python software program to predict FRET

efficiencies from ensembles of protein conformations. FRETpredict uses an established

Rotamer Library Approach to describe the FRET probes covalently bound to the

protein. The software efficiently operates on large conformational ensembles such as

those generated by molecular dynamics simulations to facilitate the validation or

refinement of molecular models and the interpretation of experimental data. We

demonstrate the performance and accuracy of the software for different types of systems:

a relatively structured peptide (polyproline 11), an intrinsically disordered protein

(ACTR), and three folded proteins (HiSiaP, SBD2, and MalE). We also describe a
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general approach to generate new rotamer libraries for FRET probes of interest.

FRETpredict is open source (GPLv3) and is available at

github.com/KULL-Centre/FRETpredict and as a Python PyPI package at

pypi.org/project/FRETpredict.

Author Summary

We present FRETpredict, an open-source software to calculate FRET observables from

protein structures. Using a previously developed Rotamer Library Approach,

FRETpredict helps place multiple conformations of the selected FRET probes at the

labeled sites, and use these to calculate FRET efficiencies. Through several case studies,

we illustrate the ability of FRETpredict to interpret experimental results and validate

protein conformations. We also explain a methodology for generating new rotamer

libraries of FRET probes of interest.

Introduction 1

Single-molecule Förster Resonance Energy Transfer (smFRET) is a well-established 2

technique to measure distances and dynamics between two fluorophores [1, 2]. smFRET 3

has been broadly used to study protein and nucleic acid conformational states and 4

dynamics [3, 4], binding events [5, 6], and intramolecular transitions [7, 8]. The high 5

spatial (nm) and temporal (ns) resolutions enable smFRET experiments to uncover 6

individual species in heterogeneous and dynamic biomolecular complexes, as well as 7

transient intermediates [9–13]. 8

In a typical smFRET experiment on proteins, two residues are labeled with a donor 9

and an acceptor FRET probe, respectively. While the FRET probes may sometimes be 10

fluorescent proteins, they are more commonly organic molecules optimized for spectral 11

and photophysical properties. Each such probe consists of a fluorophore and a linker, 12

which can vary in length and is covalently attached to the protein [14]. For FRET to 13

occur, the donor and acceptor fluorophores must have respective emission and 14

absorption spectra that partially overlap, and the efficiency of the energy transfer 15

depends on the proximity and relative orientation of the fluorophores. 16
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Computational advancements, combined with enhanced sampling methods and 17

approaches to coarse-grain, have enabled Molecular Dynamics (MD) simulations of 18

biomolecules to explore time scales up to the millisecond or beyond [15–17]. 19

Concomitantly, the molecular-level insights into protein structural dynamics provided 20

by MD simulations are routinely employed to aid the interpretation of a multitude of 21

experimental approaches, including smFRET [13,18]. Irrespective of whether the 22

underlying protein structure is static or dynamic, the conformational ensembles of the 23

fluorescent probes must be taken into account to accurately predict FRET efficiencies 24

from MD simulations [19]. 25

To model the conformational space of dyes attached to a protein, several methods 26

have been developed [20]. At the low end of the spectrum of computational cost, the 27

Available Volume (AV) method uses a coarse-grained description of the probe for 28

predicting the geometric volume encompassing the conformational ensemble of the 29

probe [21,22]. At the high end, MD simulations can be performed with explicit FRET 30

probes [18,23,24]. Although, this approach provides unique insight into the motion of 31

and interactions between protein and FRET probes, it must be often preceded by the 32

parameterization of force field for the fluorescent dyes [23]. Furthermore, comparison 33

with studies which integrate results from multiple pairs of probe positions require 34

running independent MD simulations for each probe pair. Somewhere in the middle of 35

the scale of computational cost and resolution is the Rotamer Library Approach (RLA), 36

where multiple rotamer conformations of the FRET probe are placed at the labeled site 37

of a protein conformation, and the statistical weight of each conformer is estimated 38

using a simplified potential [25]. Polyhach et al. [25] introduced the RLA in the context 39

of electron paramagnetic resonance [26]. The RLA may, however, also be employed to 40

predict FRET [27,28], in addition to double electron-electron resonance (DEER) and 41

paramagnetic relaxation enhancement (PRE) nuclear magnetic resonance 42

data [25,26,29,30]. 43

In this work we introduce FRETpredict, a Python module based on the RLA for 44

calculating FRET efficiency based on protein conformational ensembles and MD 45

trajectories. We describe a general methodology to generate rotamer libraries for FRET 46

probes and present case studies for both intrinsically disordered and folded proteins 47

(ACTR, Polyproline 11, HiSiaP, SBD2, and MalE). 48
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Design and Implementation 49

FRETpredict is written in Python and is available as a Python package. The 50

FRETpredict class carries out the FRET efficiency predictions. The class is initialized 51

with (i) a protein structure or trajectory (provided as MDAnalysis Universe 52

objects [31]), (ii) the residue indices to which the fluorescent probes are attached, and 53

(iii) the rotamer libraries for the fluorophores and linkers to be used in the calculation. 54

The lib/libraries.yml file lists all the available Rotamer Libraries, along with necessary 55

fluorophore information, including atom indices for calculating transition dipole 56

moments and distances between fluorophores. As shown in the Results section, the 57

calculations are triggered by the run function. 58

The main requirements are Python 3.6-3.8 and MDAnalysis 2.0 [31]. 59

FRETpredict can be installed through the package manager PIP by executing 60

1 pip install FRETpredict 61

Tests reproducing FRET data for a Hsp90 system can be run locally using the test 62

running tool pytest. 63

Fig 1. Visual summary of the functionalities in FRETpredict, which consists of two
main routines: rotamer library generation (left) and FRET efficiency calculation (right).
(A) All-atom MD simulations of a free FRET probe in solution are performed to
thoroughly sample the conformational ensemble of the probe. (B) The obtained
conformations are clustered and the clusters are filtered by population size to generate
the rotamer library of the FRET probe. (C ) The rotamer libraries of the donor and
acceptor probes are placed at the labeled sites and (D) average FRET efficiencies are
estimated according to different averaging regimes.
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Rotamer library Generation 64

Each FRET probe consists of two parts: the fluorescent dye, responsible for the FRET, 65

and the linker, which comprises (i) a spacer, to distance the dye from the protein and 66

(ii) a moiety to attach the probe covalently to the protein. For example, many of the 67

most widely used probes can be purchased with maleimide (to link to Cys), 68

N-hydroxysuccinimide (to link to Lys), or azide (for click chemistry) functional groups. 69

In FRETpredict, rotamer libraries are created through the following steps: 70

(i) generation of the conformational ensemble of the FRET probe using MD simulations, 71

(ii) selection of the peaks of the dihedral distributions of the linker, (iii) two clustering 72

steps, and (iv) filtering. These steps are detailed in S1 Text and implemented in 73

FRETpredict/rotamer libraries.py. In this work, we created rotamer libraries for 74

AlexaFluor, ATTO, and Lumiprobe dyes with different linkers, using the force fields 75

developed by Graen et al. [32]. This selection of rotamer libraries of widely used FRET 76

probes are made available as a part of the FRETpredict package. Moreover, we provide 77

a Jupyter Notebook tutorial 78

(tests/tutorials/Tutorial generate new rotamer libraries.ipynb) which illustrates how to 79

generate new rotamer libraries for FRETpredict. 80

FRETpredict algorithm 81

For each protein structure to be analysed—either individually or as an ensemble—the 82

FRETpredict algorithm places the FRET probes at the selected protein sites 83

independently of each other. Relative orientations and distances between the dyes are 84

then computed for all combinations of the donor and acceptor rotamers. Further, 85

nonbonded interaction energies between each rotamer and the surrounding protein 86

atoms are calculated within a radius of 1.0 nm. Using these energies, statistical weights 87

are first estimated for donor and acceptor rotamers independently and subsequently 88

combined to calculate average FRET efficiencies. S2 Text details the rotamer library 89

placement and weighting steps. In the following, we will detail the calculation of the 90

average FRET efficiency in different averaging regimes. 91
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FRET efficiency calculation. FRET efficiency is defined as the fraction of 92

donor excitations that result in energy transfer to the acceptor, and can be calculated as 93

E = kET

kD+kET
, where kET is the instantaneous FRET rate and kD is the spontaneous 94

decay rate of donor excitation by non-FRET mechanisms (e.g. donor emission or 95

non-radiative mechanisms). kET can be calculated as kET (κ
2, r) = 3

2kDκ2(R0

r )6, where 96

R0 is the Förster radius, and κ2 is the orientation factor, related to the relative 97

orientation of the dipole moments of the dyes. The Förster radius is defined as 98

R0 = 0.02108 (Jκ2QDn−4)1/6 Å, (1)

where J is the spectral overlap integral between the fluorescence emission of the donor 99

and the absorption spectrum of the acceptor, QD is the quantum yield of the donor in 100

the absence of the acceptor, and n is the refractive index of the medium. Of these 101

parameters, the most challenging to estimate is κ2. While it can be difficult to measure 102

κ2 experimentally due to the rapid isomerization of the linker region of the probes, κ2 is 103

often approximated to its freely diffusing isotropic average of 2/3 by considering that 104

the fluorophore dynamics occur on a timescale that is sufficiently shorter than the donor 105

lifetime. By assuming a fixed donor–acceptor distance, r, and κ2 = 2/3, we obtain 106

E =
R6

0

r6 +R6
0

. (2)

For most cases, this approximation is acceptable due to the length of the linker region 107

and rapid fluorophore reorientation. However, the placement of the probes on a protein 108

structure may restrict the motions of the dyes due to interactions with the surrounding 109

protein environment. Because of such potentially restricted fluorophore motions, 110

sometimes κ2 ≠ 2/3. Therefore, a more general formula for calculating FRET efficiency 111

is 112

E(r, κ2) =

(
1 +

2

3κ2

(
r

R0

)6
)−1

. (3)

In this case, it is still assumed that the chromophore is reorienting faster than the donor 113

lifetime, but that its motion is restricted in space. Due to the discrete nature of the 114

RLA, FRETpredict allows precise computation of κ2 and the possibility to compute R0 115

in a κ2-dependent way. κ2-dependent R0 calculations (Eq. 1) are the default in 116
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FRETpredict, but users can also adopt a fixed R0 value by setting fixed_R0=True and 117

specifying the R0 value with the r0 option. R0 values for the most common FRET 118

probes are reported in lib/R0/R0 pairs.csv. 119

Averaging regimes. Protein, linker and dye motions may all contribute to FRET 120

and so dynamics on different timescales may be important; here we simplify these as the 121

protein correlation time (τp), the linker-distance correlation time (τl), the orientation 122

correlation time of the dye (τk), and the fluorescence lifetime (τf ). Given a 123

conformational ensemble, but no explicit representation of the dynamical motion and 124

timescales, the “average” FRET efficiency depends on how rapidly the various 125

time-dependent components of E (i.e., r and κ2 in Eq. 3) are averaged relative to the 126

fluorescence lifetime. If a specific motion occurs much faster than the fluorescence decay, 127

the effective kET will be completely averaged over that degree of freedom. Assuming 128

that protein fluctuations are slow (i.e., τp >> τf ), we obtain three different regimes for 129

the relationship between the experimentally measured efficiency and the underlying 130

donor–acceptor distance distribution. [33] 131

• Static Regime (τk >> τf and τl >> τf). In this scenario, dye distance and 132

orientation fluctuations are both slow, thus, there is no averaging of transfer rate, 133

and every combination of protein configurations, linker distance, and dye 134

orientation gives a separate kET . In this case, the FRET efficiency is averaged 135

over N protein conformations as well as over the m and l rotamers for the donor 136

and the acceptor, respectively, 137

⟨E⟩static =
1

N

N∑
s=0

m∑
j=0

l∑
i=0

(
1 +

2

3κ2
sij

(
rsij
R0

)6
)−1

× psi × psj . (4)

In this regime, κ2
sij is an instantaneous value calculated for a given combination of 138

donor and acceptor rotamers as 139

k2sij =
(
µ̂i · µ̂j − 3

(
R̂sij · µ̂j

)(
R̂sij · µ̂i

))2
, (5)

where µ̂si and µ̂sj are the transition dipole moment unit vectors of the donor and 140

acceptor, respectively, and R̂sij denotes the normalized inter-fluorophore 141
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displacement. In FRETpredict, the atom pairs defining µ̂si, µ̂sj , and R̂sij are 142

specified in lib/libraries.yml. 143

• Dynamic Regime (τk << τf and τl >> τf). The dynamic regime is commonly 144

assumed in the treatment of experimental data, where the complete 145

conformational sampling is achieved within the fluorescence lifetime of the donor. 146

The FRET efficiency is calculated as: 147

⟨E⟩dynamic =
1

N

N∑
s=0

m∑
j=0

l∑
i=0

(
1 +

2

3 ⟨κ2⟩

(
rsij
R0

)6
)−1

× psi × psj . (6)

Here,
〈
κ2
〉
is calculated over all the protein conformations and combinations of 148

probe rotamers: 149〈
κ2
〉
=

1

N

N∑
s=0

m∑
j=0

l∑
i=0

κ2
sij × psi × psj , (7)

• Dynamic+ Regime (τk << τf and τl << τf). In this regime, both dye 150

distances and orientations are very fast, and the kET for each protein frame is 151

averaged over all dye configurations, considering both distances and orientations. 152

The FRET efficiency is calculated as 153

⟨E⟩dynamic+ =
1

N

N∑
s=0

As

1 +As
, (8)

where 154

As =

m∑
j=0

l∑
i=0

3

2
k2sij

(
R0

rsij

)6

× psi × psj∑m
j=0

∑l
i=0 psi × psj

. (9)

Results 155

Rotamer libraries 156

To illustrate the extent to which the conformational ensemble of the probes is reduced 157

upon the generation of the rotamer libraries, we plotted the projection on the xy-plane 158

of the distance vectors between the Cα atom and the central atom of the fluorophore 159

(Fig 2 and S6, S7, and S8 Figs) of all the generated rotamer libraries (S3, S4, and 160

S5 Figs). Compared to the unfiltered rotamer libraries (S6 Fig), the distribution of 161

fluorophore positions for the large rotamer libraries (cutoff = 10) are less isotropic and 162
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Fig 2. 2D projections of the position of the fluorophore with respect to the Cα atom
for the large rotamer libraries generated in this work. The projections are obtained as
the x and y coordinates of the central atom of the fluorophore (O91 for AlexaFluor, C7
for ATTO, and C10 for Lumiprobe), after placing the Cα atom at the origin. Each plot
represents a different FRET probe, divided into rows according to linker type (C1R,
C2R, C3R, L1R, B1R, from top to bottom), and colored according to the manufacturer
(green for AlexaFluor, orange for ATTO, and blue for Lumiprobe).

homogeneous, as evidenced by the deviation of the scatter plot from a circular shape. 163

Unsurprisingly, the anisotropicity is increasingly more pronounced for the medium and 164

small rotamer libraries which were obtained by filtering out cluster of less than 20 and 165

30 conformers, respectively (S7 and S8 Figs). 166

The rotamer libraries of some FRET probes show pronounced anisotropy, illustrated 167

by the deviation of the scatter plots from a circular shape (A48 L1R, A53 L1R, A56 168

L1R, A59 L1R, and A48 B1R). The observed anisotropy can be related to the length of 169

the linker, and hence to its the rotational degrees of freedom. For example, the rotamer 170

library A48 C1R is more isotropic than A48 L1R because L1R is a shorter linker than 171

C1R (S3 Fig). On the other hand, a comparison between A48 L1R and T42 L1R 172

suggests that the more isotropic nature of T42 might be due to the structure of the T42 173

fluorophore which effectively provides an extension to the linker length (S4 Fig). 174

The RLA relies on a trade-off between thorough conformational sampling and 175

computational cost, as the latter increases with the increased size of the library 176

(S9 Fig), which ideally should not exceed ∼ 1, 000 rotamers. To provide an idea of the 177

time differences involved in using rotamer libraries with different numbers of rotamers, 178

we report the times required to calculate the FRET efficiencies for Polyproline 11 179

(S10 Table). 180
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Below we showcase how FRETpredict can be used to calculate FRET efficiencies 181

using different labels, different averaging schemes and different types and sources of 182

protein/peptide conformations. Our goal here is not to discuss the biophysics of the 183

individual systems, but rather to highlight the capabilities of FRETpredict. 184

Case study 1: Protein Trajectory (pp11) 185

Static Dynamic Dynamic+ Average MD
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0
FR

ET
 e

ffi
cie

nc
y

pp11

Fig 3. FRET efficiency obtained using FRETpredict for the MD trajectory of
Polyproline 11 fluorescently labeled at the terminal residues. We calculated E using the
large rotamer libraries and for the different regimes (Static, Dynamic, and Dynamic+, in
blue, orange, and green, respectively). The graph also shows the average over the three
regimes (Average, in red) and the E value obtained from MD simulation with explicit
FRET probes (MD, in purple). The red dashed line indicates the experimental E value.

Polyproline 11 (pp11) has been described as behaving like a rigid rod, and was used 186

as a “spectroscopic ruler” in the seminal paper by Stryer and Haugland [34]; subsequent 187

work showed additional complexity [24,33,35,36]. The pp11 system is thus a classical 188

example of the importance of comparing molecular models with FRET data. Here, we 189

compared FRET efficiency values estimated using FRETpredict with reference values 190
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from experiments [33] and from extensive all-atom MD simulations of pp11 with explicit 191

FRET probes [23]. For analyses with the RLA we removed these FRET probes to 192

ensure that the conformational ensembles were comparable, and thus compare the 193

different ways of representing the dyes (explicitly or via RLA). In both experiments and 194

simulations, the terminal residues were labeled with AlexaFluor 488 - C1R (donor) and 195

AlexaFluor 594 - C1R (acceptor), and the R0 value was fixed to 5.4 nm. We used large 196

rotamer libraries to estimate the FRET efficiency of pp11 in the three averaging 197

regimes. Comparison with the reference values (Fig 3 and S11 Table) shows that 198

FRETpredict calculations yield predictions that are comparable to MD simulations with 199

explicit representation of the probes when compared with the experimental values, 200

suggesting that the RLA provides a relatively accurate FRET calculation. In particular, 201

the Dynamic regime best approximates the experimental value. As a convenient 202

approach to calculate FRET efficiencies when there is no information about which 203

averaging regime to use, we also calculate the average, ⟨E⟩, over the estimates of the 204

Static, Dynamic, and Dynamic+ regimes. 205

FRET efficiencies were calculated from the pp11 trajectory through the following 206

lines of code: 207

1 from FRETpredict import FRETpredict 208

2 u = MDAnalysis.Universe("pp11.pdb", "pp11.xtc") 209

3 FRET = FRETpredict(protein=u, residues =[0, 12], electrostatic=True , 210

4 donor="AlexaFluor␣488", acceptor="AlexaFluor␣594", 211

5 libname_1="AlexaFluor␣488␣C1R␣cutoff10", 212

6 libname_2="AlexaFluor␣594␣C1R␣cutoff10") 213

7 FRET.run() 214

Line two generates the MDAnalysis Universe object from an XTC trajectory and a 215

PDB topology. Line three initializes the FRETpredict object with the labeled residue 216

numbers, the FRET probes from the available rotamer libraries, and turns the 217

electrostatic calculations on. Line seven runs the calculations and saves per-frame and 218

ensemble-averaged data to file. R0 was computed for each combination of FRET probes 219

via Eq. 1. 220
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Case study 2: Ensemble of an Intrinsically Disordered Protein 221

(ACTR) 222

3-61 3-75 33-75
Residue pair

0.0

0.2

0.4

0.6

0.8

1.0

FR
ET

 e
ffi

cie
nc

y

[Urea] = 0 M

3-61 3-75 33-75
Residue pair

ACTR
[Urea] = 2.5 M

Regime
Static
Dynamic
Dynamic+
Average
Experiment

3-61 3-75 33-75
Residue pair

[Urea] = 5 M

Fig 4. FRET efficiency for ACTR at [urea] = 0 (left), 2.5 M (center), and 5 M (right).
The protein is fluorescently labeled at three different pairs of sites: 3-61, 3-75, and
33-75. Red circles show the experimental data from Borgia et al. [37]. Bars show
FRETpredict estimates of the E values calculated using medium rotamer libraries.
Predictions for the Static, Dynamic, and Dynamic+ regimes and their average are
shown as blue, orange, green, and red bars, respectively.

ACTR (activator for thyroid hormone and retinoid receptors) is an intrinsically 223

disordered protein that has previously been extensively studied [38,39]. Here, we used 224

ACTR to demonstrate how FRETpredict can be used on conformational ensembles for 225

intrinsically disordered proteins. 226

We used previous experimental FRET measurements and MD simulations for ACTR 227

solutions at different urea concentrations that were used to assess the effect of chemical 228

denaturants on protein structure [37,40]. As in the experiments, we labeled the residue 229

pairs 3-61, 3-75, and 33-75 with Alexa Fluor 488 - C1R as the donor and Alexa Fluor 230

594 - C1R as the acceptor. To account for the dependence of R0 on urea concentration, 231

we used Eq. 4 in Zheng et al. [40] and estimated R0 = 5.40 Å, 5.34 Å, and 5.29 Å for 232

[urea] = 0 M, 2.5 M, and 5 M, respectively. 233
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Fig 4 and S12 Table show the FRET efficiency values predicted by FRETpredict at 234

the different urea concentrations (0 M, 2.5 M, and 5 M) using medium rotamer libraries. 235

The absolute values of predicted FRET efficiency differ from the experimental values on 236

average by 13.1, 7.2, and 12.1% for [urea] = 0 M, 2.5 M, and 5 M, respectively. Notably, 237

the prediction trend is consistent with the experimental data for all the pairs of labeled 238

residues of ACTR and at the three urea concentrations. The agreement between 239

calculated and experimental trends for the E values shown in Fig 4 relies on the 240

thorough and accurate sampling of conformational ensembles obtained via MD 241

simulations by Zheng et al. [40] while it also contributes to validating FRETpredict as a 242

model for calculating E. 243

To determine which regime most accurately predicts the FRET efficiency, we 244

calculated the root-mean-square error (RMSE) between the predicted and experimental 245

values for all the residue pairs. For the ACTR data, RMSE values obtained for the 246

Static, Dynamic, and Dynamic+ regimes and their average are 0.233, 0.177, 0.315, and 247

0.171, respectively. As observed in Case Study 1, the Dynamic regime and the average 248

best approximate the experimental FRET efficiency data. 249

The following lines of code were used to calculate the E values from the ACTR 250

trajectory at [urea] = 0 M: 251

1 from FRETpredict import FRETpredict 252

2 u_0M = MDAnalysis.Universe("actr.gro", "actr_urea0.xtc") 253

3 FRET = FRETpredict(protein=u_0M , residues =[3, 61], 254

4 fixed_R0=True , r0=5.40, 255

5 electrostatic=True , 256

6 libname_1="AlexaFluor␣488␣C1R␣cutoff20", 257

7 libname_2="AlexaFluor␣594␣C1R␣cutoff20") 258

8 FRET.run() 259

Line two generates the MDAnalysis Universe object from an XTC trajectory and a 260

GRO topology. Line three initializes the FRETpredict object with the labeled residue 261

numbers, the FRET probes from the available rotamer libraries, and fixes the R0 value 262

corresponding to the specific urea concentration listed above. Line eight runs the 263

calculations and saves per-frame and ensemble-averaged data to file. 264
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Case study 3: Single protein structures (HiSiaP, SBD2, MalE) 265

Although we generated rotamer libraries for several of the most common FRET probes, 266

in some cases smFRET experiments might be performed with probes that are currently 267

not available in FRETpredict. In this case study, we illustrate how, in the absence of 268

the exact probes, accurate trends can be predicted by (i) choosing rotamer libraries 269

with similar structural characteristics (linker length, linker dihedrals, fluorophore 270

structure) and (ii) entering the R0 for the experimental pair of dyes (S14 Fig). We 271

apply this strategy to the single structures of HiSiaP, SBD2, and MalE and show that it 272

leads to results that are consistent with the experimental trends. The reference FRET 273

efficiency data of this case study was obtained from the experimental study of Peter et 274

al. [41], wherein Alexa Fluor 555 - C2R and Alexa Fluor 647 - C2R dyes were employed 275

as donor and acceptor, respectively. In FRETpredict, both donor and acceptor were 276

replaced by AlexaFluor 647 - C2R, the available rotamer library with the most similar 277

steric hindrance (S3 Fig), whereas we used the R0 value of the FRET pair used in the 278

actual experiments. 279

HiSiaP 280

HiSiaP is the periplasmic substrate-binding protein from the sialic acid tripartite 281

ATP-independent periplasmic transporter of Haemophilus influenzae. In this protein, 282

ligand binding induces a conformational rearrangement from an open to a closed 283

state [42]. 284

We calculated E values for the labeled residue pairs measured by Peter et al. [41] 285

(58-134, 55-175, 175-228, and 112-175) using structures deposited in the Protein Data 286

Bank (PDB) for the open and closed structures (PDB codes 2CEY [43] and 3B50 [44], 287

respectively). 288

The absolute values of the FRET efficiency predicted for HiSiaP differ on average by 289

20.6 and 24.3% from the experimental values of the open and closed conformation, 290

respectively (Fig 5 A and B, and S13 Table). The trend of the FRETpredict prediction 291

is about equally consistent with the experimental data for both conformations and for 292

all the pairs of labeled residues. 293

The code used to calculate the FRET efficiency for the single HiSiaP open structure 294
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Fig 5. FRET efficiency values obtained on the single structures for the open and closed
conformations of HiSiaP (A and B), SBD2 (C and D), and MalE (E and F ) for the
different residue pairs, using large rotamer libraries. Predictions for the Static,
Dynamic, and Dynamic+ regimes and their Average are shown as blue, orange, green,
and red bars, respectively. Red circles show the experimental reference values for each
pair of residues.

with FRETpredict is: 295

1 from FRETpredict import FRETpredict 296

2 u_open = MDAnalysis.Universe("2cey.pdb") 297

3 FRET = FRETpredict(protein=u_open , residues =[58, 134], temperature =298, 298

4 fixed_R0=True , r0=5.1, 299

5 electrostatic=True , 300

6 libname_1="AlexaFluor␣647␣C2R␣cutoff10", 301

7 libname_2="AlexaFluor␣647␣C2R␣cutoff10") 302

8 FRET.run() 303

Line two generates the MDAnalysis Universe object for the open structure from a 304
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PDB topology. Line three initializes the FRETpredict object with the labeled residue 305

numbers, the FRET probes from the available rotamer libraries, and fixes the R0 value 306

to the experimental one. Line eight runs the calculations and saves per-frame and 307

ensemble-averaged data to file. The same FRETpredict code structure has been used 308

for the other single structure tests of SBD2 and MalE. 309

SBD2 310

SBD2 is the second of two substrate-binding domains constituting the glutamine ABC 311

transporter GlnPQ from Lactococcus lactis. As for HiSiaP, upon binding of high-affinity 312

ligands SBD2, undergoes a transition from an open to a closed state [45]. 313

Peter et al. [41] performed FRET efficiency measurements on SBD2 by labeling the 314

residue pairs 319-392 and 369-451. We used the structures for the open and closed 315

structures deposited in the PDB (PDB codes 4KR5 [46] and 4KQP [46], respectively) in 316

combination with AlexaFluor 647 - C2R as both donor and acceptor. 317

The absolute values of the FRET efficiency predicted for SBD2 differ on average by 318

21.6 and 21.1% from the experimental values of the open and closed conformation, 319

respectively (Fig 5 C and D, and S13 Table). 320

MalE 321

The maltose binding protein from Escherichia coli, MalE, plays an important role in the 322

uptake of maltose and maltodextrins by the maltose transporter complex MalFGK2 [47]. 323

MalE undergoes structural transition between the apo and holo states upon sugar 324

binding, resulting in a ∼35◦ rigid body domain reorientation [48]. 325

Peter et al. [41] performed FRET measurements on MalE by labeling the residue 326

pairs 87-127, 134-186, 36-352, and 29-352. We used open and closed structures (PDB 327

codes 1OMP [49] and 1ANF [50], respectively) with AlexaFluor 647 - C2R as both 328

donor and acceptor. 329

The absolute values of the FRET efficiency predicted for MalE differ on average by 330

15.1 and 10.0% from the experimental values of the open and closed conformation, 331

respectively (Fig 5 E and F, and S13 Table). 332

The RMSE values associated with the averaging regimes over all single-frame 333

structures of HiSiaP, SBD2, and MalE are 0.097 (Static), 0.094 (Dynamic), 0.141 334
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(Dynamic+), and 0.086 (Average). Based on these results, we observe that in the case 335

of single-frame structures, the best predictions correspond to the Average regime. 336

In this case study, we used probes that are similar but not identical to those used in 337

the experiments. The main physicochemical factors to take into consideration to assess 338

the similarity between probes are the steric bulk of dye, the length and flexibility of the 339

linker, and the presence of charged groups. We already noted that the steric bulk of the 340

FRET probe and the rigidity of the linker have a strong influence on the clustering of 341

the rotamers. Accordingly, these structural features also affect the external weights 342

calculated upon placement of the rotamers at the binding site. On the other hand, we 343

observed that including electrostatic interactions in FRETpredict calculations 344

(electrostatic=true) had little effect on the accuracy of FRET efficiency prediction 345

for the studied systems (S14 Fig). In summary, we found that using the rotamer library 346

for a probe with similar steric hindrance, in combination with the R0 value for the 347

correct dye pair, yields FRET efficiency trends in good agreement with the 348

experimental data (S14 Fig). 349

Conclusions 350

We have introduced FRETpredict, an open-source software program with a fast 351

implementation of the RLA for the calculation of FRET efficiency data, along with the 352

rotamer libraries of many of the most commonly used FRET probes. Using three case 353

studies, we have highlighted the capabilities of our implementation in the case of a 354

peptide trajectory (pp11), an IDP trajectory (ACTR), and single protein structures 355

(HiSiaP, SBD2, and MalE). The FRET efficiency prediction trends are in most cases in 356

good agreement with the experimental data; However, we note that the accuracy of the 357

method depends on the quality and relevance of the protein conformational ensembles 358

that are used as input. 359

In FRETpredict, the average FRET efficiency can be calculated in three different 360

regimes: Static, Dynamic, and Dynamic+. We suggest using the Dynamic regime when 361

making predictions on protein trajectories and the Static regime for single protein 362

structures. In the absence of information about the different timescales, we find that 363

simply averaging the results from the three regimes often leads to good agreement with 364
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experiments. 365

FRETpredict calculations and, more generally, FRET efficiency predictions from 366

protein trajectories involve a trade-off between computation time and prediction 367

accuracy. Accordingly, the choice of the optimal rotamer library selection must take its 368

size into consideration. Large rotamer libraries may lead to greater accuracy but are 369

also more computationally expensive than smaller libraries. On the other hand, both 370

medium and small rotamer libraries are a good compromise between calculation time 371

and accuracy when long simulation trajectories are used. However, using a small 372

number of rotamer clusters may compromise the prediction of FRET efficiency, 373

especially in case of tight placement at the labeled site, in which many rotamers may be 374

excluded from the calculation due to probe-protein steric clashes. Therefore, we 375

recommend using large rotamer libraries when the computational cost is not a limiting 376

factor and medium libraries for larger conformational ensembles. 377

Availability and Future Directions 378

The software is available on GitHub at github.com/KULL-Centre/FRETpredict, where 379

it is published and distributed under GPL license, version 3. Tutorials for predicting 380

FRET efficiency with FRETpredict and creating new rotamer libraries were also 381

created and made available on the GitHub repository. FRETpredict is also distributed 382

as a PyPI package (pypi.org/project/FRETpredict). FRETpredict has a general 383

framework and can be readily extended to encompass non-protein biomolecules and 384

additional rotamer libraries of FRET probes. In the current implementation, we 385

consider all combinations of rotamers from the respective donor and acceptor libraries 386

and independently weigh each dye based on protein-dye interaction energies, which are 387

evaluated for the two rotamers independently. The approach could be further developed 388

to randomly sample pairs of rotamers and to account for dye-dye interactions in the 389

calculation of the statistical weights assigned to each pair. Further, the calculation of 390

average FRET efficiencies could be based on the diffusive motion of the FRET probes 391

in a potential of mean force derived from donor–acceptor distance distributions, as 392

recently described [51] and implemented in the MMM software-tool [27]. 393
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Supporting Information 584

SI: Supporting Information for “FRETpredict: A Python Package for 585

FRET efficiency predictions using Rotamer Libraries”. 586

S1 Text: Detailed description of the steps used to create new rotamer 587

libraries. 588

1. Generation of the conformational ensemble of the FRET probe. We 589

generated conformational ensembles of the FRET probes by performing replica 590

exchange MD (REMD) simulations, using the force fields developed by Graen et 591

al. [32] with some minor corrections [52]. From these trajectories, we here saved 592

and analysed approximately 28,000 frames. 593

2. Selection of the peaks of the distributions of dihedral angles in the 594

linkers. We calculated the distributions of the dihedral angles in the linker using 595

the conformational ensembles frem REMD as input. Combinations of the dihedral 596

angles corresponding to peaks in the dihedral distributions were combined to 597

generate distinct probe conformers corresponding to C1 cluster centers. 598

3. First clustering step. Trajectory frames are assigned to the C1 cluster centers 599

of least-squares deviation of the dihedral angles. 600

4. Second clustering step. Averages over the dihedral angles in the trajectory 601

frames assigned to each cluster center are calculated to generate a new set of C2 602

center centers. As the C2 cluster centers do not necessarily represent physical 603

conformations of the probe, they cannot not be directly used to build the rotamer 604

library. Instead, the probe conformation with the minimum least-squares 605

deviation from the C2 cluster center is chosen as the representative conformation 606

of each center. Moreover, each C2 cluster center is assigned a weight equal to the 607

number of conformations in the cluster (cluster population). When normalized 608

over all clusters, this statistical weight approximates the Boltzmann probability of 609

the representative conformation for a free dye in solution, pinti . These steps are 610

sufficient for short linkers with few dihedral angles. However, for the longer 611

linkers in many FRET probes, extra steps are needed to decrease the number of 612
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rotamers while ensuring a good coverage of the conformational space. 613

5. Filtering based on cluster populations. In most cases, including all the C2 614

cluster centers into the rotamer library (e.g., 8776 conformers for Lumiprobe 615

Cy7.5 L1R) would defeat the purpose of using the RLA as its computational cost 616

would be considerable, albeit much lower than for an MD simulation with explicit 617

probes. Therefore, we implemented a weight-based cutoff to reduce the number of 618

conformations in the library while maintaining a balanced coverage of the 619

conformational space sampled by the probes. Namely, we filtered out C2 clusters 620

with fewer than 10, 20, or 30 members, thus obtaining new sets of C3 clusters, 621

which will be referred in this work as large, medium, and small rotamer libraries, 622

respectively. Since filtering by the assigned weights skews the remaining weights 623

from the underlying Boltzmann distribution, we implemented a third clustering 624

step, in which the conformations previously belonging to a discarded C2 cluster 625

are moved to the C3 cluster of minimum least-squares deviation, and the pinti 626

values are updated accordingly. 627

6. Alignment and writing data to file. The C3 cluster centers are aligned to the 628

plane defined by the Cα atom and the C–N peptide bond. The resulting rotamer 629

library is composed of a structure file (PDB format) and a trajectory file (DCD 630

format) for the aligned FRET probe rotamers, and a text file containing the 631

intrinsic Boltzmann weights of each rotamer state pinti . 632
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S2 Text Detailed description of the rotamer library placement and 633

weighting steps. 634

Rotamer library placement. The first step in calculating FRET efficiencies is 635

to place the FRET probes from the rotamer library at the protein site to be labeled, 636

following the same procedure introduced in DEER-PREdict [29]. Briefly, the 637

fluorophore library coordinates are translated and rotated based on the positions of the 638

backbone Cα, amide N, and carbonyl C atoms. This results in a perfect overlap with 639

the N and Cα coordinates of the protein backbone and an approximate alignment with 640

the carbonyl C, which ensures that the Cα–Cβ vector of the probe has the correct 641

orientation relative to the side chain of the labeled residue. 642

Rotamer library weighting. For each protein conformation, the overall 643

probability of the ith rotamer of a probe is estimated by combining the intrinsic and the 644

external Boltzmann probabilities of the inserted probe, independently from the other 645

probe. The intrinsic probabilities, pini , are obtained from the clustering procedure 646

performed on the representative dihedral conformations of the free dye in solution and 647

are related to the free energy of the rotamer, ϵinti , via Boltzmann inversion. Following 648

the approach of Polyhach et al. [25], we account for the environment surrounding the 649

FRET probe and calculate the probe-protein interaction energy, eexti . This is achieved 650

by summing up 12-6 Lennard-Jones pair-wise interaction energies between the heavy 651

atoms of the probe and the surrounding protein within a 1-nm radius. The 652

Lennard-Jones atomic radii (σ) and potential-well depth (ϵ) parameters are obtained 653

from the CHARMM36m force field [53]. The σ parameters can be scaled by a “forgive” 654

factor which is set through the input parameter sigma_scaling and defaults to 0.5. 655

This scaling compensates for inaccuracies in the placement of the bulky FRET probe, 656

which tend to lead to clashes even for conformers with reasonably correct orientations of 657

the probe with respect to the side chain of the labeled residue. The contribution of 658

electrostatic interactions between charged probe and protein atoms is also taken into 659

account using a dielectric constant of 78, and can be turned off by setting the 660

electrostatic input parameter to False. Hence, the overall probability of the ith 661
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rotamer state attached to the sth protein conformation is calculated as 662

psi = pinti pextsi = pinti

exp(−eextsi /kT )

Z
, (10)

where Z =
∑

i p
int
i exp(−eextsi /kT ) is the steric partition function quantifying the fit of 663

the rotamer in the embedding protein conformation. Low Z values result from large 664

probe-protein interaction energies, suggesting tight placement of the probe due to either 665

(i) misplacement of the rotamers or (ii) protein conformations incompatible with the 666

presence of the FRET probe at the labeled site. Therefore, frames with Z < 0.05 are 667

discarded in the FRET efficiency calculation to preclude spurious conformers from 668

contributing to the ensemble average, corresponding to a situation in which all of the 669

rotamers have a positive steric energy. In FRETpredict, the default Z cutoff can be 670

conveniently replaced by a user-provided value. This procedure could, in principle, be 671

generalized to account for the effect of the probe on the protein free energy by weighting 672

the protein conformations by the chromophore free energies −kBT ln(Z) in subsequent 673

analysis, since the effect will differ by conformation even for those with Z above the 674

cut-off. 675
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S3 Figure: Structural formulae of the AlexaFluor probes.

Structural formulae of the 13 AlexaFluor probes for which we generated rotamer
libraries. Each column corresponds to a different fluorophore (acronym in parentheses).
The names of the linkers are reported above each formula.

676

S4 Figure: Structural formulae of the ATTO probes.

Structural formulae of the 14 ATTO probes for which we generated rotamer libraries.
Each column corresponds to a different fluorophore (acronym in parentheses). The
names of the linkers are reported above each formula.

677
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S5 Figure: Structural formulae of the Lumiprobe probes.

Structural formulae of the four Lumiprobe probes for which we generated rotamer
libraries. Each column corresponds to a different fluorophore (acronym in parentheses).
The names of the linkers are reported above each formula.

678

S6 Figure: Scatter plot of Rotamer Libraries central atoms for unfiltered 679

rotamer libraries (cutoff = 0).

2D projections of the position of the fluorophore with respect to the Cα atom for the
unfiltered rotamer libraries generated in this work (C2 cluster centers). The projections
are obtained as the x and y coordinates of the central atom of the fluorophore (O91 for
AlexaFluor, C7 for ATTO, and C10 for Lumiprobe), after placing the Cα atom at the
origin. Each plot represents a different FRET probe, divided into rows according to
linker type (C1R, C2R, C3R, L1R, B1R, from top to bottom), and colored according to
the manufacturer (green for AlexaFluor, orange for ATTO, and blue for Lumiprobe).

680
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S7 Figure: Scatter plot of medium-size rotamer libraries’ central atoms 681

(cutoff = 20).

2D projections of the position of the fluorophore with respect to the Cα atom for the
medium rotamer libraries generated in this work. The projections are obtained as the x
and y coordinates of the central atom of the fluorophore (O91 for AlexaFluor, C7 for
ATTO, and C10 for Lumiprobe), after placing the Cα atom at the origin. Each plot
represents a different FRET probe, divided into rows according to linker type (C1R,
C2R, C3R, L1R, B1R, from top to bottom), and colored according to the manufacturer
(green for AlexaFluor, orange for ATTO, and blue for Lumiprobe).

682
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S8 Figure: Scatter plot of small-size rotamer libraries central atoms (cutoff 683

= 30).

2D projections of the position of the fluorophore with respect to the Cα atom for the
small rotamer libraries generated in this work. The projections are obtained as the x
and y coordinates of the central atom of the fluorophore (O91 for AlexaFluor, C7 for
ATTO, and C10 for Lumiprobe), after placing the Cα atom at the origin. Each plot
represents a different FRET probe, divided into rows according to linker type (C1R,
C2R, C3R, L1R, B1R, from top to bottom), and colored according to the manufacturer
(green for AlexaFluor, orange for ATTO, and blue for Lumiprobe).

684
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S9 Figure: Large, medium, and small rotamer libraries populations.

Distribution of the number of conformers across all the large (blue), medium (orange),
and small (green) rotamer libraries generated in this work.

685
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S10 Table: Computational times obtained using different cutoffs.

small medium large
Donor clusters 706 124 32

Acceptor clusters 574 106 38
Computation time 692 s 120 s 37 s

Computational times required to calculate FRET efficiency from a pp11 trajectory of
316 frames (Case study 1) using the large (cutoffs = 10), medium (cutoff = 20), and
small rotamer libraries for AlexaFluor 488 - C1R and AlexaFluor 594 - C1R, on a
laptop with AMD Ryzen 7 4800h processor with a Radeon graphics card. Compared to
the large library, the medium library has significantly fewer cluster centers and it lowers
the computational cost by a factor 6. Instead, choosing the small over the medium
rotamer library results in a gain in computation time of around a factor of 3.

686

S11 Table: FRETpredict E for Case study 1: pp11 (Fig 3).

Polyproline 11 (pp11)
Regime small medium large
Static 0.732 0.745 0.743

Dynamic 0.876 0.886 0.881
Dynamic+ 0.993 0.972 0.853
Average 0.917 0.912 0.89

FRET efficiencies calculated for pp11 using FRETpredict with different rotamer library
sizes and three averaging regimes (Static, Dynamic, Dynamic+) as well as the average
over those. The reference experimental value is 0.88 whereas the value obtained as the
average over the three regimes from MD simulations with explicit FRET probes is 0.83.

687
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S12 Table: FRET efficiencies for Case study 2: ACTR (Fig 4).

ACTR
Residue pair (Regime) [Urea] = 0 M [Urea] = 2.5 M [Urea] = 5 M

3-61 (Exp) 0.610 0.490 0.420
3-61 (Static) 0.602 0.374 0.319

3-61 (Dynamic) 0.698 0.451 0.382
3-61 (Dynamic+) 0.763 0.513 0.431
3-61 (Average) 0.688 0.446 0.377
3-75 (Exp) 0.470 0.380 0.340
3-75 (Static) 0.497 0.312 0.260

3-75 (Dynamic) 0.581 0.380 0.314
3-75 (Dynamic+) 0.639 0.437 0.360
3-75 (Average) 0.572 0.376 0.311
33-75 (Exp) 0.610 0.510 0.460
33-75 (Static) 0.476 0.474 0.450

33-75 (Dynamic) 0.574 0.567 0.539
33-75 (Dynamic+) 0.658 0.649 0.617
33-75 (Average) 0.570 0.563 0.535

ACTR FRET efficiencies calculated with FRETpredict for all residue pairs (3-61, 3-75,
33-75) at different urea concentrations (0 M, 2.5 M, and 5 M), for the medium rotamer
library. The averaging regime is reported in parentheses.
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S13 Table: FRET efficiencies for Case study 3: Single structure proteins 689

(Fig 5)

HiSiaP
Residue pair (conformation) Exp Static Dynamic Dynamic+ Average

58-134 (open) 0.233 0.232 0.283 0.302 0.272
58-134 (closed) 0.321 0.284 0.364 0.379 0.342
55-175 (open) 0.765 0.554 0.723 0.890 0.722
55-175 (closed) 0.847 0.786 0.942 0.999 0.909
175-228 (open) 0.342 0.210 0.251 0.260 0.240
175-228 (closed) 0.300 0.311 0.388 0.410 0.370
112-175 (open) 0.437 0.260 0.318 0.343 0.307
112-175 (closed) 0.388 0.396 0.486 0.575 0.486

SBD2
Residue pair (conformation) Exp Static Dynamic Dynamic+ Average

319-392 (open) 0.408 0.174 0.197 0.215 0.195
319-392 (closed) 0.661 0.614 0.792 0.920 0.775
369-451 (open) 0.275 0.270 0.296 0.304 0.290
369-451 (closed) 0.469 0.477 0.587 0.627 0.564

MalE
Residue pair (conformation) Exp Static Dynamic Dynamic+ Average

87-127 (open) 0.740 0.749 0.887 0.959 0.865
87-127 (closed) 0.577 0.515 0.666 0.771 0.651
134-186 (open) 0.903 0.857 0.964 0.994 0.938
134-186 (closed) 0.913 0.819 0.949 0.989 0.919
36-352 (open) 0.401 0.411 0.491 0.530 0.477
36-352 (closed) 0.672 0.548 0.692 0.825 0.688
29-352 (open) 0.219 0.177 0.217 0.237 0.210
29-352 (closed) 0.359 0.321 0.415 0.486 0.407

FRET efficiencies calculated with FRETpredict for the open and closed conformations
of all the single-structure proteins (HiSiaP, SBD2, and MalE), for the large rotamer
library. Every row corresponds to a labeled residue pair, with the protein conformation
reported in parentheses. Every column corresponds to an averaging regime or to the
experimental value for the specific residue pair and protein conformation.
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S14 Figure: Physicochemical parameters affecting FRETpredict 691

calculations.
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Effects of different physicochemical parameters on FRETpredict calculation (R0, probe
steric bulk, and electrostatics, in panels A, B, and C, respectively). Calculations were
performed on the open structure of MalE with the large rotamer library. Reported
FRET efficiencies in all panels correspond to the average over the different regimes. In
panel A, the R0 value is changed from the experimental value of 5.1 nm (blue bars) to
the actual R0 of the two FRET probes used in the calculations (AlexaFluor 647 -
AlexaFluor 647), i.e., 6.50 nm (orange bars). In panel B, the FRET efficiency was
computed by turning electrostatic interactions on (blue bars) or off (orange bars) in the
calculation of probe–protein energies. In panel C, the donor FRET probe is AlexaFluor
647 C2R (blue bars), AlexaFluor 647 L1R (orange bars), AlexaFluor 350 C1R (green
bars), and AlexaFluor 350 L1R (red bars).
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